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Possible large (multi-kton) detector technologies

Water Cherenkov

Cheap material,
proven at very
large scale

Liquid Argon

Excellent particle
reconstruction

Liquid
Scintillator

Low energy
threshold




Liquid argon time projection chambers

Induction/ I . t h
Collection { On_lza iIon cnarge
Planes | drifted and collected;

3D track using time info

™ "ll

- very high quality particle

P reconstruction possible
P e - need scintillation light
et 1 (photosensors) for absolute time

- require very high purity,
cryogenic liquid
7 E-field

M. Soderberg




Liquid Argon
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- fantastic particle 3
tracking capability, S
high efficiency 3

- smaller mass & size :

required for same 3
efficiency as water

- potentially good for

both high and low energy
physics |




Large liquid argon detector instances

2000 2010 2020
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MicroBooNE

Next G
generation

+ many R&D’ instances



The Long-Baseline Neutrino Experiment

next-generation large LAr TPC

| Original concept:
34 kton at 4850 ft
underground at
Homestake

Oro
Hondo

4850 Level

LONG-BASELINE NEUTRINO EXPERIMENT
AT SANFORD UNDERGROUND LABORATORY




Reconfigured to fit
funding cap: 10 kton
on surface;

could still go
underground if funds
can be found

Yates
‘ Complex

Ross
\ Complex

300 Level

LONG-BASELINE NEUTRINO EXPERIMENT
AT SANFORD UNDERGROUND LABORATORY

~ ~Z LBNE

7400 Level




LBNE physics signals

Energy range Expected Signal

Rate per kton of LAr
(s'! kton!)

[SEATT MENTIITS 5x 10 osc v.in beam
(CP violation/ ~ GeV ., C

. window
mass hierarchy)
Proton decay  GeV <2 % 109
Atmospheric 0.1-10 GeV ~10°
neutrinos
Super.nova burst few-50 MeV ~3 (@ 10 kpc
neutrinos over ~30 secs
Solar neutrinos few-15 MeV 4x 105
Super.nova relic 20-50 MeV <2 % 109
neutrinos

low and
medium
energy
astro
physics



Energy range Expected Signal

Rate per kton of LAr

(s! kton)

Beam neutrinos 5x 10* osc v, in beam
(CP violation/ ~GeV ., C
i window
mass hierarchy)
Proton decay ~ GeV <2109
Atmospheric 0.1-10 GeV ~10°
neutrinos
Supelznova burst fow-50 MeV ~3 @ 10 kpc
neutrinos over ~30 secs
: Solar neutrinos few-15 MeV 4x 105
;'T"
| supernovarelic |, 54 Mev <2x 107
neutrinos
handsome, i
distinctive : : e 1
events crummy Ilttle : CTe '1

stubs - —




Easy to pick from
bg due to

direction

Easy to pick from
bg, but highly

_intolerant of bg

< Easy to pick,

somewhat more

tolerant of bg

Potentially harder
to select (esp.

Energy range Expected Signal
Rate per kton of LAr
(s! kton)
Beam neutrinos A : .
- beam time &
(CP violation/ ~ GeV >x 10 OS¢ Ve Il beam<
. window
mass hierarchy)
Proton decay ~ GeV <9 x 109
Atmospheric 0.1-10 GeV ~103
neutrinos
Supelznova burst fow-50 MeV ~3 @ 10 kpc \
neutrinos over ~30 secs
Solar neutrinos few-15 MeV ~4 x 105
supernovarelic | 5, 5 Mev <2x 10-9/
neutrinos /

Very hard to select
and intolerant of bg

/

Hard to select and
intolerant of bg

low energy end)
but arrive in a
burst

(and bg can be
well known)




Neutrinos from core collapse

When a star's core collapses, ~99% of the
gravitational binding energy of the proto-nstar
goes into v's of all flavors with ~tens-of-MeV energies

(Energy can escape via v's)
Mostly v-v pairs from proto-nstar cooling

Timescale: prompt
after core collapse,
overall At~10’s

of seconds

1554 © Anglo-Australian Observatory - i



Expected neutrino luminosity
and average energy vs time

Fischer et al., arXiv:0908.1871: ‘Basel’ model

neutronization

burst Early: Mid: Late:
deleptonization accretion cooling
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Generic feature: <E,/e > < <E,7€ > < <E,/w >

(may or may not be robust)



What We Can Learn
CORE COLLAPSE PHYSICS

« explosion mechanism
. proto nstar cooling, quark matter
« black hole formation

« accretion disks from flavor
. nucleosynthesis energy, time
structure
of burst

NEUTRINO/OTHER PARTICLE PHYSICS /

V, == Vi +V absolute mass (not competitive)
N mixing from spectra: flavor conversion in SN/Earth

\ . other v properties: sterile v's, magnetic moment,...
« axions, extra dimensions, FCNC, ...

+ EARLY ALERT



Example: collective effects buan & Friedland, arXiv:1006.2359

Inverted

Normal

Neutrino Antineutrino
| === Ve initial - Ve initial
j ==y, initial ==V, initial
w— v, final M.A. — . final M.A.
— v, final S.A. — v, final S.A.
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60

Distinctive
spectral swap
features
depend on

neutrino mass
hierarchy, for
neutrinos vs
antineutrinos

A

Experimentally,
can we tell the
difference?




Low energy neutrino interactions in argon

Charged-current absorption

v, + WAr — e + HK* — Dominant

v, + WAr — et + 40CJ*

Insufficient
Neutral-current excitation :ﬂz?-ai?ure;
v+ OAr v+ OAr oot
Elastic scattering
Vout € Vot & i

In principle can tag modes with

deexcitation gammas (or lack thereof)...




Cross-section (10 cm?)

Cross-sections for interactions in argon
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Supernova signal in LAr SN @ 10 kpc, 34 kton

Interactions, as a function of neutrino energy Events seen, as a function of observed energy
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Observability of oscillation features: example

Can we tell the difference between
normal and inverted mass hierarchies?

(1 second late time slice, flux from H. Duan w/collective effects)
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Differences, but no sharp features LAr shows
dramatic difference

"Anecdotal’ evidence is good...
systematic surveys underway



World SN flavor sensitivity

for largest detectors of each class

Electron neutrino
Electron antineutrino
Muon and tau neutrino and antineutrino

Number of events
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LAN D
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* plus NC v-p scattering



Signal rates vs distance for LBNE configurations

Supernova neutrinos in argon
Galallxy Edge LlMC

Andromeda
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Work underway for LBNE

- Cross sections for v-Ar interactions at low energy

- Realistic LAr TPC detector response:
Efficiency, resolution, tagging

- Backgrounds:
especially cosmogenics



Cross sections for CC electron neutrino absorption

M. Sajjad Athar and S.K. Singh, Phys. Lett. B591, 69 (2004) . .
LDA w/Fermi function

15 (2004)
v, +PAr — e +4K*

LDA w/modified eff. mom.
(2004)

Shell model (1995)

E (MeV)
Need to measure deexcitation y’s!



t (ticks)

t (ticks)

De-Excitation Gammas in ArgoNeuT
Ornella Palamara (INFN-Gran Sasso/Yale)

20 40 60 80 100 120 140 160 180 200 220
Induction Plane Wire

\172Mev
- < 3.25MeV

240

4 |
Colection Plane Wire



From Flavio Cavanna (sns workshop, May 2012)
Prift Coord. (m)

2 - ¢ Wire Coord. (m) |, ¥
Zoomview COSMIC RAY EVENT CONTAINING A °
""""" “SN-V”-LIKE SIGNATURE i

ABS REACTION-LIKE WITH:
* e-LIKE TRACK
~24 MEV
END-POINT

° 2 €-LIKE SPOTS
FROM COMPTON

CONVERSION (DE-EXC. Y) _

ICARUS T60O TEST ON SURFACE: RuN 785 - EvT 4 (JULY 22ND, 2001)




LArTPC Detector Response
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LArSoft Low-Energy Event studies (z. Li)

Preliminary studies w/MicroBooNE geometry:
looks somewhat worse than Icarus paper
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Measure these low-energy interactions
with stopped-pion neutrinos

w\b

9
. w5 26 nsec
%
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o/

. #2200 nsec
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l

- 7, (delayed)
- — v, (delayed)
— v, (prompt)

40
Neutrino energy (MeV)

2-body decay: monochromatic 29.9 MeV v,

PROMPT

between 0 and m /2
DELAYED (2.2 pus)

3-body decay: range of energies



Supernova neutrino spectrum overlaps
very nicely with stopped it neutrino spectrum
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Study CC and NC interactions with various
nuclei, in few to 10’s of MeV range



The Spallation Neutron Source
Oak Ridge, TN

free neutrinos!




Fluence at ~50 m from the SNS
amounts to ~ a supernova a day!

(and effectively more events due to harder spectrum)
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Background for supernova v’s in LAr

Black band = reconstructed hit

= 1 Signal is

|7|
|

T “crummy little stubs”
1 and vulnerable to bg

H\Illlllll

g 4 hits on 5 adjacent wires = 4 wires LAr40 (5mm wsp)

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

(y tagging could help)

(lllll;llll;l llﬁml
Lol b ity

* muons & associated Michels: should be identifiable
* radioactivity: mostly < 5 MeV
e cosmogenics

How shallow is OK? : orpet o
NOvA, MiniBooNE, uBooNE ~ }_| b
get something, ) A

if background-ridden
(and bg can be known)

NOvA



Cosmogenic backgrounds in LAr

- cosmic rays can rip apart nuclei, leaving radioactive products that
can decay on ms-hour (day, year..) timescales

- neutrons, muon capture can also be problematic

- fairly well understood in water & scintillator, but few studies in argon

- in principle can be associated with parent muons (need photons...)
- in principle mitigation strategies exist (e.g. y tagging)
but efficiency currently unknown



From Barker, Mei & Zhang, arXiv:1202.5000

TABLE II: Additional significant cosmogenic production
rates in the detector (20 kton) at the 800-ft level.
Isotope | Produced by |Rate per day |Q (MeV)|t,,»
SOp Spallation |9020 4.23 250 m
2p Spallation  |20900 1.71 14. 3d
**p  |Spallation [30100 0.25 25.3 d
p Spallation |12090 h4 124 s
“P  |Spallation |7500 4.0 47. 2s
“P  |Spallation [1190 10.4 56 s
“"P |Spallation [550 7.9 23s
g Spallation |5500 h4 26s
e} Spallation  |215500 0.17 87.5s
i (n,a) 31500 49 51m
389 Spallation |11500 2.9 170 m
g Spallation  |850 6.6 11.5s
%C1  |Spallation [670 5.6 25s
3C1  |Spallation |8700 5.6 32m
%Cl1 |Spallation |1005000 0.7 3.1x10° y
%8Cl1  |Spallation [110000 49 3724 m
Ar [(n,6n") 7100 6.0 185
"Ar |(n4n") 21000 0.8 35d
*Ar  |(n2n") 91000 0.57 269 y
“Ar |capture 45100 2.5 109 m
K |Spallation [650 5.9 76 m
YK |(pn) 6500 1.3 1.28x10% y
Total 1641920

Cosmogenic products

(are G4 cross-sections OK??)

TABLE IV: Additional significant cosmogenic production
rates in the detector (20 kton) at the 4850-ft level.

Isotope |Produced by|Rate per day Q (MeV)|t, 2
S0p Spallation [9.6 423 25 m
2p Spallation |22.2 1.71 14. 3d
Bp Spallation |31.9 0.25 25.3 d
p Spallation |12.8 5.4 124 s
wp Spallation |8.0 4.0 47. 2 s
wp Spallation |1.3 10.4 56 s
p Spallation |0.6 7.9 23s
3tg Spallation |5.8 5.4 26s
%S |Spallation |228.5 0.17 87.5s
g |(n,a) 33.4 4.9 51 m
**g  |Spallation [12.2 2.9 170 m
*g  |Spallation |0.9 6.6 115s

o b | Spallation |0.7 5.6 25s
#C1  [Spallation 9.2 5.6 32 m
*Cl |Spallation |1065.7 0.7 3.1x10° y
*C1 |Spallation |116.6 49 3724 m
®Ar  |[(n6n") 7.5 6.0 185
TAr |[(nd4n") 22.3 0.8 35d
Ar  |[(n2n") 96.5 0.57 269 y
“Ar |capture 47.8 2.5 109 m
WK Spallation  |0.69 5.9 7.6 m
YK |{(pn) 6.9 1.3 1.28x10% y
Total 1741

-assume p-decay spectral form for given Q value
-normalize by rate per day from table
-add all contributions
-smear with LAr resolution from Amoruso paper




Muon-induced fast neutron background, 30 sec window
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Summéry

. Liquid argon has unique sen'sitivit.y' to SN

.-~ physics thanks to electron neutrino

sensitivity

* No measurements of low-energy v-Ar
cross-sections & interaction

products exist

" Need to understand detector response

Need to understand backgrounds;
measurements could help..

... is surface running possible?

SNS = Supernova
Neutrino Substitute

(for free! just need
the detector)




Backups/Extras






Non-beam physics, possible underground
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(Eemeas'EeMc)lEeMc (%)

ICARUS resolution

(what’s in SNOwWGLOBES)
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Amoruso et al., hep-ex/0311040

Number of events

Entries 1858
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RMS 10.66
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uses MC tuned to measured
Michel electrons

Does not include “calorimetric” correction from drift time (~5%?)






Tool for evaluating neutrino event rates

To evaluate sensitivity to different features of flux/physics,
we need to fold

flux ® xscn ® detector response

Software package to make use of the GLoBES
front-end rate engine (not the oscillation sensitivity part)

flux differential
spectra w/physics

cross- sections
for relevant
channels

smearing matrix for
given detector config:
includes both
interaction product
distributions and
detector response

post-
smearing
efficiency

=S
S

>
—

—
=

interaction
rates, as a
function of
neutrino
energy

‘smeared’
rates as a
function of
detected
energy




Flux calculation: clean spectrum
F. Avignone and Y. Efremenko, J. Phys. G: 2
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(ton)

Detector size

Total events per year at the SNS
as a function of distance and mass

x 1/R* oc M

10° =

size (ton

ector

Det

30 40 10 20 30 40

50 0
Distance (m%

Scaling for another source: a power;
duty factor is critical for background rejection

50 0
Distance (m%



Event rates for argon at the SNS
per ton per year at 20 m

Events per 0.5 Mev
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Interactions, as a function of neutrino energy Events seen, as a function of observed energy
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